In chronically damaged tissue, trefoil factor family (TFF) peptides ensure epithelial protection and restitution. In chronic kidney disease (CKD), TFF1 and TFF2 are reported to be upregulated. Especially in the early phase, CKD is associated with silently ongoing renal damage and inflammation. Moreover, many patients are diagnosed late during disease progression. We therefore sought to investigate the potential of TFF2 as biomarker for CKD. We followed 118 patients suffering from predialysis CKD and 23 healthy volunteers. TFF2 concentrations were measured using ELISA. Our results showed, that median TFF2 serum levels were significantly higher in patients with later CKD stages as compared to healthy controls (p < 0.001) or early stages (p < 0.001). In patients with mid CKD stages TFF2 serum levels were significantly higher than in healthy controls (p = 0.002). Patients with early or mid CKD stages had significantly higher TFF2 urine concentrations than later CKD stages (p < 0.001 and p = 0.009, respectively). Fractional TFF2 excretion differed significantly between early CKD stages and healthy controls (p = 0.01). ROC curve showed that TFF2 levels can predict different CKD stages (AUC > 0.75). In conclusion, urine and serum TFF2 levels of CKD patients show a different profile dependent on CKD stages. Whereas TFF2 urine levels continuously decreased with disease progression, TFF2 serum concentrations progressively increased from the early to later CKD stages, indicating changes in renal function and offering the potential to examine the course of CKD.
Introduction
Chronic kidney disease (CKD) describes the steady loss of kidney function and is defined by kidney damage or by an estimated glomerular filtration rate (eGFR) of less than 60 mL per a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 Editor: Tatsuo Shimosawa, The University of Tokyo, JAPAN minute per 1.73 m 2 body-surface for a minimum of three months [1] . CKD patients are at increased risk of developing serious complications like cardiovascular diseases and even a slight decrease in GFR can result in anaemia or bone disease [1] [2] [3] . The progression of CKD proceeds silently, resulting in patients diagnosed at a state where most therapeutic options to prevent adverse outcomes are insufficient [4] . Consequently, the early detection of individuals at risk is highly desirable to initiate a timely treatment to prevent disease progression.
The decline of kidney function is associated with ongoig inflammatory response and increased cell death [5] [6] [7] . Trefoil factor (TFF) peptides have been shown to be upregulated in the damaged kidney, obviously to ameliorate epithelial destruction [8] [9] [10] . These proteins are secreted by several mucine-producing epithelial cells and are involved in mucousal healing. TFF peptides facilitate epithelial restitution and regeneration processes by the induction of cell migration, angiogenesis, and by raising cell resistance to proapoptotic stimuli [11] [12] [13] . Restitution describes the recovery of mucosal continuity via elongation and cell migration to cover damaged denuded areas.
TFF peptides are evolutionally a highly conserved group of proteins and are named after the so called trefoil domain, which consists of a three-looped structure of cysteine residues. The protein family comprises three members: TFF1, TFF2, and TFF3, with TFF2 to be discovered first of all [11] . TFF peptides are secreted by most epithelial tissues that contain mucussecreting cells including renal tubular epithelial cells in the kidney. In animal models for kidney toxicity, TFF3 is already an accepted biomarker for the estimation of renal damage [14] . Increased levels of TFF3 and TFF1 have also been detected in patients with CKD and closely correlated with renal function [9, 10, 15] .
To evaluate if TFF2 levels also change during progression of CKD we investigated TFF2 levels in serum and urine of 118 patients suffering from early, mid or later stages of CKD in comparison to healthy controls. Furthermore, we analysed the potential of TFF2 as biomarker for renal damage and calculated fractional TFF2 excretion to unravel changes in renal excretion irrespective of the glomerular filtration rate.
Methods

Patients
This study has been approved by the ethics committee of the Medical University of Vienna and was conducted according to the Helsinki Declaration of 1975.
CKD patients were diagnosed, screened and followed up at the Division of Nephrology and Dialysis, Department of Medicine III in the Medical University of Vienna. CKD was defined as decreased glomerular filtration rate and/or the presence of kidney damage in accordance with the K/DOQI criteria [1] . For calculating eGFR the formular described in the 2002 guidelines was used to allow comparisons to already published studies dealing about TFF levels in CKD. 118 patients with CKD stage 1 to 5 were included into the study during a follow-up appointment at the outpatient clinic of the Division of Nephrology and Dialysis. 23 healthy volunteers served as controls. In the control group, abdominal pain over the last four weeks, kidney diseases, and pregnancy were excluded via anamnesis. All participiants signed an informed consent before inclusion into the study. Table 1 shows the patients' diagnoses, baseline demographics and laboratory values.
Laboratory data
Blood and spontaneous urine samples were obtained from all patients and healthy volunteers. Additionally, 24-hour urine samples were obtained in a subgroup of 34 patients. Serum samples were collected in a 9 mL Z Serum Clot Activator Tube and the urine in Vacuette 1 Urine Tubes (both provided by Greiner Bio-One International GmbH, Austria). Serum and urine samples were centrifuged at 2000 RCF for 10 min at 4˚C. Aliquots were then transferred in tubes, snap frozen and stored at-80˚C. TFF2 concentrations were measured by an enzyme-linked immunosorbent assay (ELISA) kit (Human TFF2 DuoSet, R&D Systems, Minneapolis, Minnesota), based on Vestergaard et al [16] . The measurement was performed according to the manufacturer's instructions. Serum samples were diluted 1:5 and urine samples 1:125 to obtain protein concentrations within the standard curve. Tetramethylbenzidin (TMB; Sigma, St. Louis, Missouri) was used as substrate and color reaction was stopped by adding 1 N sulfuric acid solution (in aqua bidistilled diluted 95-98% sulfuric acid, Merck KGaA, Darmstadt, Germany). The optical density was immediately measured with a Victor 3 microplate reader at a 450 nm wavelength. To overcome potential methodological deviations, samples were randomized before analysis. Spike/recovery and linearity testing was performed in accordance with the spike, recovery, and linearity protocol for validating untested samples of R&D systems. Therefore, known concentrations of TFF2 were admixed to urine and serum samples and the used buffer. Additionally, serial dilution of spiked and unspiked samples were performed for linearity testing. By the evaluation of pure and diluted samples (spiked and unspiked) the recovery was obtained. The average recovery was 94% and the average linearity was 105%. Multiple testing on different plates revealed a coefficient of variation of 3% for intra-assay precision and 9% for inter-assay precision. The kit's sensitivity was obtained by the summation of two standard deviations to the mean optical density of twenty-two zero samples and by the following calculation of the corresponding concentration. The minimum detectable concentration was 23 pg/mL. No cross-reactivity to TFF1 or TFF3 could be detected by testing the kit's specificity. The fractional TFF2 peptide excretion was calculated using the formula: ((urinary TFF2 peptide x serum creatinine) / (serum TFF2 peptide x urinary creatinine)) x 100.
Statistical analysis
TFF2 concentrations in serum and urine and fractional TFF2 excretion were analysed in all groups (early, mid, and later CKD stages as well as in the control group). Gaussian distribution was assessed with the D'Agostino-Pearson normality test. Normal distribution could not be verified for all analyzed groups. Consequently, the non-parametric Mann-Whitney-test (twotailed) was used to compare TFF2 levels. TFF2 levels within CKD entities diagnosed in more then 10 patients (glomerulonephritis, vascular nephropathy, diabetic nephropathy) were analysed with the Mann-Whitney-test (two-tailed). After Bonferroni correction for multiple comparisons, an individual p < 0.016 was necessary to achieve statistical significance at the 5% level.
The correlation analysis between the TFF2 serum and urine concentrations and several clinical parameters (age, serum creatinine, urinary protein, creatinine clearance, urinary protein:creatinine ratio, eGFR, CRP) were performed by Spearman's correlation coefficient. Unless otherwise specified, data are given as median and range. All statistical analysis was performed with the GraphPad Prism Version 5.01 (GraphPad Software, Inc. California, US).
Results
Absolute and fractional TFF2 levels in CKD stages
Total TFF2 serum concentrations were significantly higher in mid and later CKD stages as compared to healthy controls (Fig 1A) . Furthermore, TFF2 serum levels in later CKD stages differed significantly from early stages (Fig 1A) . Urine TFF2 levels were significantly higher in early and mid CKD stages as compared to later stages (Fig 1B) . The fractional TFF2 excretion was higher in early stages as compared to healthy controls, but not in mid and later stages of CKD (Fig 1C) Absolute and fractional TFF2 levels in CKD entities TFF2 serum levels were significantly higher in patients with vascular nephropathy or diabetic nephropathy as compared to patients suffering from glomerulonephritis ( Table 2 ). Fractional TFF2 excretion was significantly elevated in patients with glomerulonephritis as compared to patients with vascular nephropathy (Table 2) . No significant differences in TFF2 levels were found between vascular and diabetic nephropathy ( Table 2) .
Correlations of total TFF serum and urine levels with clinical and kidney function parameters
There was a significant negative correlation between TFF2 serum levels and creatinine clearance in the subgroup of patients with a 24-hour urine analysis (Table 3) . Age positively correlated with serum TFF2 levels, but the correlation coefficient was only moderate (< 0.4) ( Table 3 ). There was a significant correlation with TFF2 concentrations and eGFR (Table 3) . Serum TFF2 positively correlated with serum creatinine, as depicted in Fig 2A. Urine TFF2 concentrations significantly correlated with serum creatinine (Table 3 , Fig 2B) . All correlations are given in Table 3 and Fig 2. ROC curve analysis of total TFF2 serum and urine levels For ROC analysis data from patients in the early and the later CKD group were included (n = 33 and 46, respectively). As depicted in Fig 3, ROC curve analysis displayed an area under the curve for serum TFF2 of 0.79 (0.70-0.88, p < 0.001; Fig 3A) and one optimum cut-off value at 2.986 for the diagnosis of later CKD stages. For the differentiation of early vs. later CKD stages by TFF2 urine concentration, ROC curve analysis revealed an area under the curve of 0.75 (0.63-0.87, p < 0.001; Fig 3B) and one best cut-off value at 122.391.
Discussion
We were able to demonstrate significantly higher TFF2 serum levels in patients with mid and later CKD stages as compared to healthy controls. Additionally, early CKD stages differed significantly from later stages. In contrast, TFF2 urine levels declined during CKD progression with significant lower levels in later CKD stages as compared to early or mid stages. TFF2 urine levels in early stages tended to be higher compared to controls, but did not reach statistical significance under the Bonferroni adjustment for multiple comparison. However, fractional TFF2 excretion was significantly higher in early CKD stages as compared to healthy probands. Significantly, the ROC curve analysis showed that TFF2 urine and serum levels may predict different CKD stages. Furthermore, patients suffering from vascular or diabetic nephropathy had significantly higher TFF2 serum levels as compared to patients with glomerulonephritis.
During the progression from kidney disease to end-stage renal failure, persistent inflammation triggers cell damage and tissue degeneration [5, 6] , often resulting in the need of kidney All patients with the given disease were included, Asterisks indicate significant differences in values between vascular nephropathy or diabetic nephropathy as compared to glomerulonephritis (p < 0.01). No significant differences between vascular nephropathy and diabetic nephropathy or within urine concentrations could be found.
https://doi.org/10.1371/journal.pone.0174551.t002 Table 3 replacement therapy. To contain the progression of renal dysfunction, counter-regulations like the initiation of a heat-shock response are mounted to prevent cell damage and limit renal cell death [17, 18] . TFF peptides hold important functions during epithelial protection and restitution. They facilitate epithelial cell migration to cover damaged areas, constrain proapoptotic signals and promote angiogenesis and leukocyte migration. TFF peptipes have been mostly studied in the gastrointestinal tract and its associated diseases of chronic inflammation such as inflammatory bowel disease, where upregulation of TFF peptides has been demonstrated [16, 19] . Lately multiple studies have emphasized the importance of TFF peptipes also in other systems and associated diseases, such as the kidney and the urinary tract [9, 10, 15, 20, 21] . In patients with renal cell carcinoma expression of TFF peptides are highly upregulated along the urinary tract with TFF3 being the most prominent one [20] . Analyzed specimens were taken from non-pathological regions and signs of inflammation or neoplastic changes were exclusion criteria. However, the influence of carcinoma diseases on renal peptide expression cannot be finally excluded in non-pathological regions. The same study described increased urinary TFF2 levels in patients suffering from nephrolithiasis and associated TFF2 upregulation during urinary tract infection by so far unpublished results [20] . In patients with CKD increased levels of TFF1 and TFF3 in urine and serum were found and their expression correlated with renal function [9, 10] . Consequently, also the involvement of TFF2 in CKD is very likely. To the best of our knowledge, this is the first study evaluating TFF2 levels in chronic renal injury.
Indeed, we were able to demonstrate higher TFF2 urine levels during early kidney diseases and that normalization of TFF2 serum levels is facilitated by increased fractional excretion. Over time, however, as kidney function further declines, the compensatory increase of TFF2 excretion is exhausted, which in turn leads to a successive increase of serum TFF2 levels. A non-significant trend towards increased urinary TFF2 levels in early CKD stages compared to controls was noticed and may reflect the described initial repair response and immediate clearance. In the gastrointestinal tract higher TFF peptide levels are associated with ulceration and inflammation and can be correlated with disease activity [16, 19] . Similarly, TFF2 upregulation in chronic renal failure might occur to limit cell death and epithelial damage. The main production site of urinary TFF2 seems to be the kidney, as fractional TFF2 excretion rates above 1 point towards active tubular excretion.
Recently increased urinary TFF1 levels have been detected with the onset of CKD, which normalized with disease progression to levels comparable to that of healthy controls [10] . In contrast TFF3 urine excretion was low in healthy controls and early CKD stages but increased during disease progression. Again, TFF1 and TFF3 serum concentrations only increased with later CKD stages. Interestingly, studies in TFF1 knock-out mice revealed a reduced expression of TFF2, indicating a genetic co-regulation of TFF1 and TFF2 [22] . Their findings are in line with our data collected from urine and serum samples of CKD patients, strengthening the assumption of a TFF1 and TFF2 co-regulation. During the initial phase of renal diseases, TFF1 secretion is increased obviously by elevated urinary levels when compared to healthy probands or later CKD stages [10] . Consequently, higher urinary TFF1 levels and the potentially co-regulated TFF2 might reflect the initial acute phase of renal diseases. In animal models TFF1 and TFF2, but not TFF3 have been shown to be upregulated during the acute phase of gastrointestinal diseases, while TFF3 reemerged during the restitution phase [23] [24] [25] . Comparably, TFF3 levels have been shown to constantly increase during CKD progression to end-stage renal failure [9, 10] .
ROC curve analysis revealed that by measurement of urine or serum TFF2, different CKD stages could be estimated. Moreover, TFF2 concentrations significantly correlated with serum creatinine, which is the most common routine clinical biomarker used to assess renal function.
Furthermore, the contrary elevation of TFF2 in serum and urine could indicate changes in renal function and might offer potential to examine CKD course and treatment progression, as TFF2 levels significantly correlated with eGFR. This in turn could help to guide the individually adjusted treatment plan.
Besides varying TFF2 levels in different CKD stages, we found significantly increased TFF2 serum levels in patients with vascular or diabetic nephropathy as compared to patients with glomerulonephritis. Even though patient number within renal diseases is low, this finding allows a first insight into differently regulated TFF2 expression rates within various CKD entities.
Though this study generated promising results, we are aware of some methodological limitations. Although the used ELISA kit was reliable in recovery, sensitivity, linearity, and coefficient of variations, it was not designed for use in clinical testing. Samples had to be diluted to obtain TFF2 concentrations within the standard curve, which might have obliterated potential changes in protein levels. By testing undiluted samples a significant change in TFF2 urine concentrations between healthy probands and early CKD stages might be detectable. This adds to the importance of further clinical testing of TFF2 as biomarker for the early detection of CKD. Our study was initially designed to evaluate TFF2 levels irrespective of the underlying kidney disease. As a consequence, the number of patients suffering from rare CKD entities is low and might conceal important findings in those diseases. Therefore, the inclusion of additional patients with different renal diseases and CKD stages would increase statistical power and might help to unravel the role of TFF2 in the acute phase of renal failure and during progression to end-stage renal disease. Furthermore, histological examinations could identify the source of TFF2 expression in the affected kidney which in turn could help to understand the regulation of repair mechanisms within kidney diseases.
Conclusion
We provide evidence of a differential TFF2 concentration pattern in urine and serum of patients suffering from CKD. Whereas TFF2 urine levels abated in mid and later stages as compared to early stages, serum TFF2 concentrations increased progressively in later stages. The disparate TFF2 concentration profile in urin and serum indicates changes in renal function and might offer potential to identify different CKD stages. However, larger clinical studies and longitudinal surveys will be necessary to reveal the role of TFF2 as biomarker in CKD and during progression to end-stage renal disease in different renal diseases.
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